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Concurrent Visualization in a
Production Supercomputing Environment

David Ellsworth, Bryan Green, Chris Henze, Patrick Moran, and Timothy Sandstrom

Abstract — We describe a concurrent visualization pipeline designed for operation in a production supercomputing environment.
The facility was initially developed on the NASA Ames “Columbia” supercomputer for a massively parallel forecast model (GEOS4).
During the 2005 Atlantic hurricane season, GEOS4 was run 4 times a day under tight time constraints so that its output could be
included in an ensemble prediction that was made available to forecasters at the National Hurricane Center. Given this time-critical
context, we designed a con gur able concurrent pipeline to visualize multiple global elds without signi cantly affecting the runtime
model performance or reliability. We use MPEG compression of the accruing images to facilitate live low-bandwidth distribution of
multiple visualization streams to remote sites. We also describe the use of our concurrent visualization framework with a global ocean
circulation model, which provides a 864-fold increase in the temporal resolution of practically achievable animations. In both the
atmospheric and oceanic circulation models, the application scientists gained new insights into their model dynamics, due to the high

temporal resolution animations attainable.

Index Terms—Supercomputing, concurrent visualization, interactive visual computing, time-varying data, high temporal resolution
visualization, GEOS4 global climate model, hurricane visualization, ECCO, ocean modeling.
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1 INTRODUCTION

In oneof the original reportsdelineatingthe eld of scienti ¢ visual-
ization, Visualizationin Scienti c Computing McCormicketal. [19]
describeda vision for the future wherescientistscould analyzeand
interpretdatafrom supercomputingalculationsasthey wererunning.
They calledthis capability interactive visual computing also known
asconcurentvisualization Relatedideashave beendevelopedfur-
therin the visualizationcommunity(seenext section),but in general
have seerlimited useby the computationasciencecommunity

Therearetwo primarybene tsof concurrenwisualization.First, it
shavsaview of thecurrentstateof acalculationwhichallowsruntime
monitoring, steering,or perhapgermination. Second concurrentvi-
sualizationallows highertemporalresolutionvisualizationcompared
to traditional post-processingecausd/O andstoragespacerequire-
mentsarelargely obviated. This highertemporalresolutionmay shav
featuresn asimulationthatwould otherwisenot bevisible.

Given thesebene ts, we implementeda concurrentvisualization
pipelinewithin the“Columbia” supercomputegenvironmentat NASA
Ames ResearchCenter Our driving applicationwas the MAP'05
project[18] led by a teamat NASA GoddardSpaceFlight Center
The projectusedColumbiato run 5-day weatherforecastsevery six
hoursduringthe 2005hurricaneseasor{Juneto November).Thehur-
ricanetracks—nobur visualizations—fromeachsimulationrun were
sentto Florida StateUniversity andcombinedwith othermodelfore-
castsaspart of a “superensemble[9], which usesmachinelearning
technigueso createa singleforecast. The single forecastwas made
availableto the NationalHurricaneCenter

The MAP'05 projectshigh pro le andtight schedulémposedser-
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eralunusuallystrictrequiremententhedevelopmenf ourvisualiza-
tion pipeline.Becaus®f theharddeadlinedor submittingforecastto
FSU,our visualizationsystemcould not signi cantly impedethe sim-
ulation, and mostimportantly could not causeit to fail. In addition,
ary modi cations to the simulationcodehadto be minimizedin or-
derto facilitatevalidation. Partial failuresof thevisualizationpipeline
hadto be handledgracefully— we wantedto avoid killing the entire
processijf possible,and,sincerunswereoften unattendedpartial or
catastrophicerrorsin onerun shouldnot affect the next run. A -
nal requiremenstemmedrom the factthatthe MAP'05 researchers
areacrosghecountryfrom thesupercomputeandarereachablenly
over asharedmedium-speedetwork connection.

Theserequirementsed usto adesignwhichis differentthanearlier
developedsystemgmary of which aredescribedn the next section).
Our systemlimits modi cations to the simulationcodeby having it
only copy datato a sharednmemorysegment.The next stagein the vi-
sualizatiorpipelinerecevesdatavia the sharednemorysegment,and
it runson separatgrocessori parallelwith the simulation.This de-
couplingeffectively preventsary visualizationfailuresfrom adwersely
affecting the simulation. Dataare sentfrom the sharedmemorysey-
ment(via an intermediatesystem)to multiple renderingnodes,each
of which producesa time-varying visualization. Framesfrom the vi-
sualizationsarecompressedsingMPEG encoding andthe resulting
MPEG streamscan be sentto the remotesites, wherethe currently
completedime stepsof theforecastarecontinuouslyshovnin anan-
imation loop. Using MPEG compressiorgreatly decreasedhe net-
work requirementspverall we sav a 66 to 1 compressionatio. The
visualizationsare both renderedanddisplayedon small visualization
clusters.For displaywe typically useda 3 3 tiled array andshoved
differentsimulationvariable/viev combinationson eachof the nine
displays.Figure4 shawvs atypical con guration.

The restof the paperis structuredasfollows. First, we describe
somerelatedwork, andthenpresentinoverview of theMAP'05 simu-
lation project.Next, we describeour concurrenvisualizationarchitec-
ture, rst giving anoverview, andthendescribingthe dataextraction,
visualizationandMPEG productionportionsof the pipeline. Thefol-
lowing sectionsdescribethe systems effectivenessfor the MAP'05
project,andbrie y discusgheuseof our systemwith a secondappli-
cation.We nish with conclusionsandsomeareasof futurework.

2 RELATED WORK

Concurrenvisualizationhasbeenexploredby mary differentgroups.
However, we did not nd anexisting systenthatmetourapplications
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Fig. 1. A frame from a concurrent visualization animation of GEOS4, showing Hurricane Wilma approaching Florida. The frame shows the speci c
humidity (Q, mass(H20)/mass(air)), summed over all elevations and mapped onto luminosity.

requirementsFor example,the pV3 system[12] computegequested
visualizationausingthesimulationprocessorsyhich couldimpactthe

simulations run time andreliability. Otherearliereffortsin this cate-

goryareSCIRun[14], thecommerciapackageRVSLIB [7], theEarth

Simulators geoFEM[20], andVisilt [5].

The requirementof sending multiple visualizations across a
moderate-speedetwork asthey were generatedlictatedour choice
of compressedMPEG streams. Earlier systemssent the original
data[16], dataextracts[12], geometry[20], or images[7, 20] to the
remotesystem.Distributedvisualizationsystemsbuilt usingAV'S [4]
or CM/AVS [22] sendinter-modulecommunicatiorover the network,
which we expectwould requiretoo muchbandwidthfor our purposes.

The requiremenbf minimal modi cations to the simulationcode
eliminatedapproacheshattightly couplethe simulationto the visu-
alization. Problemsolving ervironments,suchas SCIRun[14] and
Cactus[1], are examplesof this approach. Othervisualizationsys-
temsbuilt aslibrariesor frameworks alsorequiresubstantiamodi -
cationsto the application. Two suchframevorks arethe CUMULVS
parallel processingramevork [10], andthe VisAD [13] component
visualizationframewnork. The DICE [6] systems$ useof Network Dis-
tributedGlobalMemoryfor transporsimilarly doesnot meetthemin-
imal modi cation requirement.

Theuseof compressiorior the remotetransmissiorof animations
is widespreadTwo packageshatusecompressiotior remotevisual-
izationareRVSLIB [7] andParaView [3].

3 HARDWARE RESOURCES

The MAP'05 simulationswererun on the Columbiasupercomputeat
NASA Ames. Columbiacontains20 SGI Altix nodes.eachof which
has512 Itanium 2 processorand 1 TB of memory Eachprocessor
in anodehascache-coherergccesdo all thenodes memory andthe
nodesareconnectedy Ethernetandin niBand. The GEOS4forecast
runswererun onone512-processanode.

Our renderingclusterhas50 dual-processot .67 GHz Athlon sys-
tems,eachwith agraphicscardanda 100Mbit connectiorto a private
net. A separatd 6-processohltix systemcalledchunnel |, senesas
anintermedianybetweerthe Columbiacomputenodeg(via one4x In-

niBand link) andthe graphicsclusterswitch (via 8 Gigabit Ethernet
connections).

Thecurrentbottleneckin our systemis the 100Mbit connectiongo
therenderingclusternodes. This precludegransferring3D elds for
the GEOS4application.

4 GEOS4 APPLICATION OVERVIEW

The MAP'05 projectemployed the fourth generatiorof the Goddard
EarthObservingSystem(GEOS)suiteof models developedat NASA

Goddard GEOS4is animplementatiorof a nite-v olumegenerakir-

culationmodel(fvGCM), whichusesaLin-Roodsemi-Lagrangiady-

namicalcore[17] in conjunctionwith the CommunityClimateModel

(CCM3) [15] for physical parameterizationand land surfacemodel
2

The productionform of GEOS4is a nominal 1/4 degree global
model, using a standardatitude-longitudestaggeredyrid of dimen-
sions1000 721 32 (23 million cells). Three-dimensionajcalarand
vectorcomponentquantitiesde ned on the grid are representedn
doubleprecisionandthusrequirel000 721 32 8= 184.6Mbytes
of storageeach.Horizontal2D scalar elds occupy 5.8 Mbyteseach,
andrepresengithersurfacequantitiesor valuesrepresentingin aver
ageover the entirevertical column. Parallelismis implementedising
a one-dimensionalatitudinal decompositionwith 3 ghostcell lay-
ersto the north and southof eachcomputationasubdomain.On the
Altix architecture,a hybrid MPI-OpenMP parallelismstratgy was
employed. This usesboth the distributed-memoryMPI and shared-
memoryOpenMPprogrammingnodels.Productiorrunsused6O MPI
processesvith 4 OpenMPthreadseach(240 processorgotal). The
runssimulateds full daysof atmospheridynamicsusingintegration
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time stepsthat representedl50 secondof physical time (960 time
stepstotal). Sometestrunsinsteadused480 processors480 time
stepspor both.

Our standardvisualizationcon guration copiedabout900 GB of
simulationdataper run. Of this, 177 GB, or one3D eld, wasver
tically integratedinto a 2D eld, and709 GB, four 3D elds, hada
horizontal2D slice removed from each3D eld. In addition,two 2D
elds wereusedconsistingof 11 GB. After conversionto 32-bit oat-
ing point, the resultingseven 2D elds (totaling 19.4 GB) weresent
from the Columbiasystento therestof the pipeline.

Wall-clocktimesfor theproductionrunstook about55 minutes.We
sav a minimumwall clock time perintegrationtime stepof 2.5 sec-
onds. This is lessthanthe nominaltime pertime stepof 55 60/960
= 3.4seconddecausehe simulationspendsa signi cant partof the
total run time doing I/O for initialization anddiagnosticoutput. Thus
our systemmustrun at the 2.5 secondrateif we areto visualizeev-
ery integration time stepwithout impedingthe simulation. Adding
buffering to the systemwould not substantiallyrelaxtheframeratere-
quiremenunlesamary framesof bufferingwereaddedrequiringsub-
stantiaimemory Thisis truebecausé¢hetime stepsvherethepipeline
couldcatchup, thetime stepsthattake muchlongerthan2.5seconds,
arewidely spaced.However, additionalbuffering would reducethe
numberof droppedramesdueto temporarypipelinehesitations.

Forecastrunshadto be completedin roughly a two hour window
beforethe superensemblsubmissiordeadline.In additionto the 55
minute forecastcalculations,roughly 30 minutesof post-processing
was necessaryeforeresultssubmission. This tight scheduledrove
our reliability goals.

5 CONCURRENT VISUALIZATION SYSTEM OVERVIEW

Figure2 shaws an overview of the completeconcurrentvisualization
pipeline. This pipelineis divided into threesections:dataextraction,
visualizationandMPEG production.

The pipeline startswith dataextraction. The GEOS4simulation
runs on one of the Columbianodes. On that samenode but run-
ning on a separatg@rocessois theibcolumbia  process.The sim-
ulation processegopy datainto a sharedmemorysegment. Then,
ibcolumbia  doesary remainingdataformattingandcopiesthedata
over In niBand to anotherColumbianodecalledchunnel . We use
this systembecausét is the gatavay to the renderingclusters private
network.

The visualizationportion of the pipeline startson the chunnel
system.A proces<calledibchunnel  recevesdatafrom theIn ni-
Band network, andwrites it to a sharedmemorysegment. Another
processcalledgserv  copiesthe dataout of sharednemoryanddis-
tributesit to nodesin the renderingcluster Thosenodesrenderthe
data,andwrite theresultingimagesto local disk.

The pipeline continueswith MPEG production. Eachrendering
clusternode hasan MPEG encoderprocessthat encodedramesas
soonasthey arewritten, andwrites the resultingMPEG streamto a
le sener. TheMPEG les aresent,asthey arebeingcreatedto the
display clustermasternode by processesunningon the le sener.
The nal steprunson thedisplaycluster Thatclusters mastemode
sendsa loopedversionof eachgrowving MPEG streamto a nodeon
theclusterfor display doingit in away thatsynchronizeshe streams.

Our approachakesadvantageof the availableextra processorand
memoryof the Columbiasystemused,plusits sharedmemoryarchi-
tecture. Our systemcould be adaptedor usein distributed-memory
systemsby extracting datafrom eachnodeand sendingit to oneor
more separatgrocessor$or visualization. However, this would still
usethe CPU, memory and interconnectof the running simulation,
possiblyaffectingits performancenoticeably

Thefollowing sectionglescribeeachsectionof thepipelinein more
detail.

6 DATA EXTRACTION

Our visualizationpipeline startswith the simulation,or, morespecif-
ically, our modi cations to it. Our simulation modi cations use
a sharedmemory segmentto transferdatato a separateprocess,

ibcolumbia , whichdecoupleshesimulationandvisualizationcode
for improved reliability. Also, usingsharedmemoryon the Altix al-
lowsfor veryfastdatatransferfrom thesimulation,minimizingimpact
to thesimulationruntime.

We modied the simulation start-up script and instrumented
the simulation code itself. = The script modi cations activate
ibcolumbia  on separatgrocessoraind passcon guration datato
it. ThesimulationcodeinstrumentatiorausegachMPI threado reg-
isterits datastructureswith the visualizationpipelineandto sendits
datainto the pipelineat the completionof eachintegrationtime step.

6.1 Start-up Script Modi cations

The GEOS4start-upscript requestgesourcegrom the batchsched-
uler, arrangesnput and output les and directories,and speci es a
numberof runtime model parameters.Our script modi cations ex-

tract mary of theseparametersnto a le sothey canbe passedo

ibcolumbia . Theparameterincludethestartandstoptimesof the
simulation, the integrationtime stepsize,andthe elds selectedor

visualization,so we can properly annotatethe visualizationframes.
They alsoincludethe computationatlomaindimensionsthe number
of MPI processeandOpenMPthreadsandthetotal numberof model
time stepssincethesedataarenecessarjo ibcolumbia  to properly
dealwith the simulations domaindecompositionOtherscript modi-

cations increaséhenumberof CPUsrequestedrom thescheduleto

accommodatécolumbia |, theninvoke andassignibcolumbia

to theadditionalprocessorsothatit doesnotinterferewith ary of the
simulationprocessesSinceibcolumbia  isinvokedpriorto launch-
ing the simulationcode, it createghe sharednemoryseggmentfor re-

ceiving modeloutputaheadf the simulation.

6.2 ibcolumbia

ibcolumbia  senesastheinterfacebetweerthe instrumentedsim-
ulation codeandthe restof the visualizationpipeline. Oncestarted,
it readstherun-speci c metadatayeneratedby the start-upscript,and
sendssomeof thesedatafurther down the pipeline. It thenallocates
the sharednemorythatis mappednto the simulationMPI processes.
Whenall MPI processebave copiedtheir eld datafrom agiventime
stepinto the sharedmemorybuffer, ibcolumbia  invokesa func-
tion to procesghedata.This processingnayincludecorversionfrom
doubleto single precision,taking 2D slicesout of 3D elds, vertical
integrationof 3D elds onto2D, interpolationfrom a staggeredo un-
staggeredyrid, andso forth. The outputfrom this processingtepis
written into a pre-allocatedRDMA buffer for fasttransferacrossthe
In niBand networktoibchunnel . If ibchunnel hassignaledhat
it is readyto receve anothettime step thetransferis made;otherwise
ibcolumbia  dropsthetime stepandsendsoticeof this eventdown
thepipeline. Thismechanisnensureshatonly time-consisternframes
aregenerated.

6.3 Simulation Code Instrumentation

We modi ed thesimulationcodeby addingthreefunctioncalls,which
areimplementedn amodulelinkedwith the mainexecutable Two of
thefunctionsarecalledonceeachduringinitialization, andthethird is
calledat the endof eachintegrationtime step.All threefunctionsare
calledfrom eachMPI process.The rst initialization function saves
pointersto its MPI processs region of the model elds thatareavail-
ablefor concurrentvisualization,alongwith offsetsof the MPI sub-
domaininto the global computationabdomainand ghostcell dimen-
sions.Thesemetadatallow the eld datato bereassembleftom the
perMPI-threaddomainsinto a singleglobaldomain. The secondni-
tializationfunctionis calledat the endof the simulationinitialization;
it mapsthe sharedmemoryarenacreatedby ibcolumbia , into the
addresspaceof eachMPI process After every integrationtime step,
eachMPI processalls the third function, which copiesits eld data
into the appropriatdocationsin the sharedmemorybuffer, undoing
thedomaindecompositiorandstrippingghostcellsby usingmetadata
collectedin the rst initialization function.

We designedthis instrumentatiorcodeto insulateit from the re-
mainderof thevisualizationpipeline.If eitherof thetwo initialization
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Fig. 2. Our concurrent visualization pipeline. Rounded rectangles indicate systems, and rectangles indicate processes.

functionsfails in any MPI processthe copy function becomesa no-
op, leaving the simulationunimpeded Assumingproperinitialization,
thedatacopy functionensureshatall MPI processebave copiedtheir
datainto the sharedmemoryarenafor processingy ibcolumbia

If ibcolumbia  hasnot nished accessindghe sharedmemorycon-
tentsby thetime the rst MPI processs readyto outputits next time
step,copying of thatnext time stepis skippedby all MPI processes,
and notice of this eventis sentdown the pipeline so that the image
streamsare properly marked and counted. This mechanismensures
thatthevisualizationpipelineprocessesnly fully intactframesatthe
maximumratepossible Alternatively, the usercanspecifya strideso
thattime stepsareskippeddeterministically This maybeusefulif the
highestpossibletemporalresolutionis not desired,or if a particular
runcon gurationresultsin thevisualizationpipelinenot beingableto
keepup with the simulation. With the productionGEOS4runson the
Altix, wewereconsistentlyableto captureevery modeltime step,and
droppedramesonly occasionallydueto transienglitchessomavhere
in thevisualizationpipeline.

7 VISUALIZATION

The visualizationstep of the pipeline breaksthe single datastream
from the dataextraction stepinto multiple streamdor visualization.
Eachbrancheventuallyresultsin anindependenMPEG stream pro-
ducedfrom a selectionof data elds andthe visualizationtechniques
appliedto them. The multiple processe eachbrancharecentrally
managedrom thechunnel system.

To beadequatelyobustandfaulttolerant theremaindenf thevisu-
alizationpipelinehasthefollowing characteristicsFailuresthatoccur
in onebranchof the pipelinecauseruncationof only thatbranch,and
do not affect the otherbranches.Otherfailuresmay causethe entire
visualizationsystemto terminate andthenautomaticallyrestartitself
for thenext run. In theworstcase whereafailureoccursandattempts
atrestartingalsofail, the entirepipelineis shutdown inde nitely and
theeventlogged.Extensve loggingoccursthroughouthe processso
errorscanbe quickly locatedand cateyorized. Missedtime stepsare
recordedn thelogs,aswell asbeingvisually documentedhn the nal
product.

Therearetwo distinctfunctionalrolesin the visualizationpart of
the pipeline: procesamanagementyhich includescon guration and
failure handling;anddatamanagementyhich includestime stepac-
countinganddispatching.The setof managegrocesseandthe o w
of dataarelargely determinecdy con guration les.

7.1 Pipeline Process Management

At the top of the visualizationprocesshierarcly is the gserv  dae-
mon. Gserv actsasa centraldatasener, routing incoming model
datato a setof visualizationclients. Gserv alsoactsasa process
managetfor two other processesibchunnel , which handlesIn-
niBand communicationandthe GservVis ManagerGVM), which
handlesvisualizationcon gurationandmanagement.
On startup,gserv forks a copy of itself. The parentgserv

processonly monitors the child, restartingit if it fails, and exit-

ing if failuresoccurrepeatedly The child gserv processmonitors
ibchunnel andGVM; if eitherfailsit stopsthe pipelineandreini-
tializesitself.

GVM is aPerlscriptthatreadsthe con guration le, andthencre-
atesandmanage®nebranchof thepipelinepervisualization consist-
ing of rendering,encoding,sending,andviewing componentsall of
which are createdon remotehostsvia rsh /ssh connections.In the
eventof alocalizederror, GVM terminatesonly the portion of failing
branchdownstreamof the error, allowing ary intermediateresultsto
bearchived. In the caseof completefailure of thevisualizationphase,
GVM shutsdown the pipelineandexits.

GVM interpretscon guration les in orderto constructhemultiple
brancheof the visualizationpipeline. Whenstarted,GVM receves
thelist of elds thatarebeingexportedby the currentmodelrun. It
usesa table,constructedrom a con guration le, to associatevail-
ablesetsof elds with a particularrenderingsetup.For eachmatchin
the tablea new branchin the visualizationpipelineis created:a ren-
deringprogramis launchedn the next availablenodein the graphics
cluster the parameterspeci ed in the tableentry are passedn, and
the supportingprocesse$or movie generationdistribution, and dis-
play arecreated.

7.2 Visualization Clients

WhenGVM startsavisualizationclienton oneof therenderingnodes,
theclientis givenoneor more eld namesnthecommandine. These
namesare sufcient for the visualizationprogramto independently
registerwith gserv to receve time stepdatafor those elds asasyn-
chronousevents. Then, asframesof dataarrive in sharedmemory
from In niBand, gserv sendsheappropriateeld datato eachvisu-

alizationclientusingTCPR, basedn the clientregistrations.

Our currentvisualizationclientis very simple: it candisplaya 2D
arrayof eitherscalarvaluesor the magnitudeof vectorvaluesusinga
luminancemap. Parameterspecify min-maxvalues,viewpoint, and
soon. While this simpletechniquehasbeensufcient for visualizing
global climate models,we can easily incorporateother visualization
techniques.

7.3 Pipeline Data Management

Gserv transfersdatato the visualizationclients using a distributed
objectframavork calledgrowler [11], whichis capableof manag-
ing dynamicconnectiongrom multiple clients. Thelow level details
of client connectionsrequestsand dataevents are handledby the
growler framework. An InterfaceDe nition Languages usedto
describethe communicatiorsemantichetweergserv andthevisu-
alizationclients.

Time step data are never purposely dropped downstreamfrom
gserv . If dataarrive fasterthancanbe consumedgserv blocks
until the renderercomplete,andasa result,ibcolumbia  will not
receve theacknavledgmentt needgo propagtethe next time step.

The visualizationportion of the pipeline usesmultiple threadsfor
improved performancen several places. In gserv , eld dataare
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copiedfrom sharedmemoryinto buffers for transmissiorto visual-
izationclientsusingonethread.Multiple othergserv threadshandle
moving the buffersinto the TCP stack.In thevisualizationclient,one
threadrecevesincoming eld data,while a secondhreadrendershe
dataandwritesthemto disk.

Oncetheimagehasbeenwritten to disk, subsequenprocessingf
theimagedatais completelydecoupledrom the simulationtime step
loop, andcannotcontrituteto lostframes.

8 MPEG PRODUCTION

The last stageof the pipeline, MPEG production, begins with the
frameswritten to local disk by therenderersGVM manageshe pro-
cesse®f the MPEG productionpipeline,which hasthreemain com-
ponentsencodingfransmissionandviewing.

8.1 MPEG Encoding

An encodingprocessunson eachof therenderingnodes.On startup,
anintroductoryMPEG is createdwhich is usedto allow the MPEG
viewersto startup immediately beforethe simulationhasgenerated
ary time steps.The procesghenwaits for the rst real visualization
frameto appearin thelocal le system.Onceframeshegin appear
ing, a modi ed versionof the StanfordPVRG MPEG-1 encodetis
launchedto processhe frames. We modi ed the encoderso it will
wait for framesto appearon disk. The resultingMPEGsarewritten
over NFSandcollectedonasinglesharedle sener.

For backuppurposesanotheiprocessisesgzip tolosslesslycom-
presgheframesandwrite themto the le senerfor longtermstorage.
Individual frameson the local disk are deletedoncethey have been
MPEG encodedndarchived.

An exampleMPEG animationis includedon the conferencedVD
to illustratethe MPEG outputquality.

8.2 MPEG Transmission

EachMPEG canbe sentto remoteviewing systemswhile it is being
created.A simple programwaits for the MPEG le to be createdon
the le sener. Asthe MPEG le grows, this programoutputsthe new
MPEG datathroughan ssh pipe to the remotesystem,whereit is
writtento disk. Thetransmissiomipelineexits whenit nds aMPEG
“Sequencéend” marker, which marksthe endof the animation.

The bandwidthsrequiredto sendthe MPEG streamsare quite
low. For the nine standardriews, the averagebandwidthrequiredper
MPEGstreanrangedrom 8 to 39 KB/sec;thetotal bandwidthfor the
nine streamsvas 157 KB/sec. Thesebandwidthscorrespondo com-
pressiorratiosof 140:1to 29:1 comparedo the original 24-bit RGB
frames.Theoverall compressiomatiowas66to 1.

8.3 MPEG Viewing

Onepossibledestinatiorfor the streamingMIPEGsis a hyperwall a
two-dimensionaprid of displaysbacled by a cluster[21]. For this
project,a3 3 hyperwall wasused,enablingnine simultaneouwisu-
alizationsof a runningsimulationon a singlewall. A tenth“master”
systemcontrolsthe nine display systemsandhasthe single Internet
connection.

Initially, theintroductoryMPEG animationfor eachMPEG stream
is displayedon the correspondinglisplay node,andthe animationis
pausedintil enoughframeswith simulationdatahave arrivedto enable
looping without high-frequeng ick er. Then, the viewers on each
displaynodeloop at full speed30 Hz) over the framesof the MPEG
thathave arrived. Theanimationson theninenodesaresynchronized.

All this is accomplishedusingmpegsource (a Perl script), and
themplayer multimediaapplication.Nine copiesof mpegsource
run on the masternode, and the mplayer processe®n eachdis-
play nodearecon guredto readfrom standardnput. Eachinvocation
of mpegsource rst sendgheintroductorymovie to the mplayer
processwhich allows it to createan outputwindow. Then,eachinvo-
cationwaitsfor the MPEG le to grow to 20 dataframesbeforesend-
ing the framesto mplayer . The mpegsource scriptsthen seek
backto the startof the MPEG le, andrepeatedlysendthe MPEG
framesto the mplayer applications.The MPEG les areparsedo

Table 1. Shared Memory Copy Times for 480 Time Steps

MPI x OpenMP Fields RunTime Copy Time
60x 4 13D& 12D 3117.52 3.83
120x 4 13D& 22D  2239.65 3.02
120x 4 63D& 32D 2169.13 12.25
120x 4 73D& 42D  2154.75 13.625

ensurethat only completeframesare sentto mplayer ; incomplete
framesattheendof the le areskipped.Thempegsource processes
alsowait on a commonbarrier(createdusingsocletsto a singlebar
rier processwhenthey reachendof le, sothenineloopingMPEGs
runsynchronously

9 EVALUATION
9.1 Reliability

We wereableto meetour primaryreliability goal: out of 247 produc-
tion runswith concurrentwisualization therewasnota singleGEOS4
failure due to the visualizationpipeline. The visualizationpipeline
itself wasnot perfectlyreliable,however, partly dueto systemcon g-
urationchangesnadeduring production. Analysisof 132 completed
runs(126,720time steps)shaved that we skippeda total of 87 time
steps,or 0.07% of the total. The skippedtime stepswere unfortu-
nately distributed over a fairly large number(44) of runs, which we
arecurrentlyinvestigating. Notethat126,720framesis 70 minutesof
animation.

9.2 Model Runtime Performance

A secondmportantdesigngoal wasto impactruntimemodelperfor

manceaslittle aspossible.Our designaccomplishedhis by copying

the currentsimulationtime stepinto sharedmemory and thenrun-
ning all downstreanportionsof the pipelinewhile the simulationwas
processinghe next time step. Thusthe majority of the visualization
pipelineran“off thesimulationclock; predominantlyonseparatgro-
cessorsand systems. Our only direct effect on the model runtime
was due to the datacopy, which was done synchronouslyi.e., we
blocked the simulationduring the copy. The datacopy wasdonein

parallelacrossall MPI processesand usedsharedmemorythat ex-

ploitedthetremendousggrgatememorybandwidthof the Altix. We
determinedhatanasynchronoustratgy involved unnecessargver

headand compleity, althoughthis might be the preferredchoiceon
anotherarchitecture.

Tablel shawvs overalltimingsfrom severalmodeltestrunswith ag-
gregatetimesof all datacopiesduringtherun, measuredvith highres-
olution hardwaretimers. (Thetwo visualizationinitialization function
calls are nggligible, andare not included.) With 120 MPI processes
runningon 480 CPUs,the overheadfor copying 6 full 3D elds and
3 2D elds, at eachof 480 time steps,is approximatelyl2 seconds
over a 2100secondcalculation,or a little over 0.5 percent. Thetotal
amountof datacopiedis about0.5TB. (Thesetimingsarefrom initial
testruns. During the seasonthe modelintegrationtime stepwascut
in half, sothetotalnumberof time stepsvas960,andwe copiedabout
900GB perrun.)

Although the destinationof the data copiesis logically a single
sharednemorybuffer allocatedby ibcolumbia , the physicalloca-
tion of the memorypagesis determinedby the default “ rst touch”
placementpolicy. We cantouch eachpageof the sharedmemory
buffer in an initialization routine in ibcolumbia  so that physi-
cal memoryresideson the sameprocessorsvherewe have assigned
ibcolumbia . Alternatively, we canlet eachMPI processhave “ rst
touch” andthusdistribute the sharedmemorys physical pagesacross
the entiresimulations CPU set.We chosethe latter, faster strateyy.

A concernwith this choice is whether the additional memory
pageson the simulation CPUs, and accessingthese pagesfrom
ibcolumbia  duringits processinghasewill resultin indirect ef-
fectson the modelruntime; theseeffectswere not capturedwith the
timer calipersdescribedabove. We investigatedsuchpotentialinter
ferenceeffectsby looking atthe overall runtimesof themodel,before
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Fig. 3. Overall run times, with and without concurrent visualization.

and after the concurrentvisualizationwas incorporated. Resultsare
shavn in Figure 3. Unfortunately the only long term overall timing
dataavailableinclude somepre- and post-modekun actiities which
involved a lot of disk activity, sothe timings are someavhat variable.
Neverthelessit is apparenthatthereis no systematiéncreasen run-
timewhentheconcurrenvisualizatiorwasactivatedpartway through
theseasonln fact,thereis aslightdeceasan themeanruntimeswith

visualization.We believe thisjust shavs thatary effectswe mayhave
producedareslight, andthatthe dataareinsufcient to resohe them.

9.3 Visualization Pipeline Performance

We instrumentedbchunnel  andmeasuredts performanceduring
atestrunthatused480integrationtime stepsthatranata 2.7 second
(wall clock) rate. Of the 2.7 seconds.3 secondswvere lost due to
thestaggerednishing of thesimulationprocessorsl.8secondsvere
spentcopying andverticallyintegratingthe eld data,and0.1seconds
were spentsendingthe dataand waiting for acknavledgment,leav-
ing 0.5 secondsf idle time. If the time stepstook the 2.5 seconds
asmeasuredor productionruns,theidle time would be 0.3 seconds.
Parallelizingthedatacopying andintegrationstepwouldlikely benec-
essanjf moredatawereneededor visualization.

9.4 Application Impact

The real-timeremotevisualizationaspectof our systemhad limited
impact. Dueto problemsat the remotesite, the MPEG streamsavere
only sentto the MAP'05 researcherduring a few testruns. Instead,
the productionrunssentthe animationgto our local hyperwall sowe
couldmonitorthesystem$progressln addition,we wereableto shav
real-timeproductionrunsatthe SC'05 conferencén Seattle.
However, post-runuseranalyse®f ourhightemporakesolutionan-
imationshadtwo signi cant positive impactson the MAP'05 project.
Onewasthe discovery of fast-mwaing pressurevavesthat appearto
be causedby start-uptransients. Earlier post-productiorvisualiza-
tions did not capturethesetransientsin sufcient detail for themto
be noticed. Our systemalsohelped nd the solutionto a numericin-
stability problemthat occurredbefore our systemwas addedto the
productionruns. Testruns of our systemshaved how the instabil-
ity grew from a singlecell to the entiredomainover just a few time
steps.Our high temporalresolutionoutputcapturecdhis behaior and
immediatelysuggestetheinstability's cause.

10 THE MITGCM HIGH-RESOLUTION GLOBAL
OCEAN MODEL

We have alsoappliedour concurrentvisualizationpipelineto a high-
resolutionglobaloceanmodel,the MITgcm, developedby the ECCO
Consortium[8]. Like GEOS4 the MITgcm is a hybrid MPI/OpenMP
codewhich runson a staggeredatitude/longitudegrid at variousres-
olutions. Initially, we deployed our concurrentvisualizationfacility
on several MITgem 1/8 degreemodelrunsdistributed over 480 pro-
cessorsln theseruns,theglobaldomainis 2880 2176 50, or about
313 million grid points. Thuseach3D scalar eld requiresabout2.5
GB of storageanda horizontalslice occupiesabout50 MB. Figure5
shaws a framefrom the simulationoutput.

The MITgcm uses a two-dimensionaldomain decomposition,
breakingthe domaininto full-depth tiles in both zonal and merid-
ional directions,and supplyingghostcells alongall four sharedtile

faces.Ourdatacopying routinethatis linkedwith thesimulationcode
neededo bemodi ed accordingly

TheMITgcmis primarily usedfor relatively longtermclimatestud-
ies,but needso resole theimportantmeso-scaléurbulenteddypro-
cessesvhich underlyenegy andfreshwatertransport.For theserea-
sons themodelspatialandtemporaldiscretizatioris very re ned, but
therunsarelong—yieldingpotentiallyenormousutputdata.Integra-
tion time stepsfor the 1/8 degreemodelare5 minutes(300seconds),
andfor performancanddisk capacityreasonsnly 3-dayaverageeld
dataareoutputto disk during runsthatmay simulatemonthsto years
of oceaniccirculation.

10.1 Month-Long Run

Using our concurrentvisualization pipeline, we generateda set of
eightanimationghatcapturedeverytime stepof asinglesimulationof
the monthof February2002. Theseanimationscontain8000frames
each,andrepresentin 864-foldincreasean temporalresolutioncom-
paredto animationsreatedy post-processingormalrunoutput.Our
systemwasableto handlethe higherresolutiondatabecauseve only
copied2D horizontalslicesfrom the simulation,andbecaus¢he sim-
ulationusedmorewall clock time pertime step(4.4 secondsjhanthe
GEOS4simulation.

Thesehigh temporalresolutionvisualizationshave revealedhith-
ertounseermodeldynamicshathave givennew insightsto theocean
modelersFor example dramatiadiurnalvariationsin themixing layer
depthshavn by our animationsarenow receving increasedttention
asanimportantfactorin the air-seaexchangeof CO,, heat,andmo-
mentum.

10.2 Year-Long Run

We have usedour systemwith a singleyearlong MITgcm simulation
run on four 512-processo€olumbianodes,using1920processorn
total for the simulation. While the simulationhasjust completedwe
do have someinitial results. For this run, we generatednary more
visualizationsthan previous runs. We extracted2D slicesfrom 24
elds andshavedbotha globalandNorth Atlantic view of each eld,
for a total of 48 visualizationstreams. We capturedevery simula-
tion time step,asbefore. We modi ed our visualizationsystemso it
collectsdatafrom eachof the four Columbianodesandforwardsthe
datato chunnel . A new programrunningon chunnel collectsthe
perprocessodomainsfrom the nodesandreassembletheminto the
overalldomain.

Sincethis wasnot a time-critical productionrun, we modi ed our
systemto pausethe simulationif the visualizationfell behindinstead
of droppingframes.The extractionandvisualizationpartsof the sys-
temnearlyalwayskeptup with thesimulationeventhoughit waspro-
cessingmuchmore dataper time stepat a fastertime stepratethan
the rst MITgem run. Using1920insteadof 480processorgecreased
the minimumwall clock time steptime (whenl/O is not beingdone)
to anaverageof 2.8 secondsthetime rangedirom 2.7to 3.2 seconds.
Initial measurementshav thatwe only slow the simulationdown for
about14%of theframes,andincreasegheoverall runtime by 3%. We
feel thatthis is an acceptableslondown, asdo our collaborators.In
addition,sincethis wasthe rst largerun usingthis con guration,we
believe that the simulationdelay could be reducedor eliminatedby
furtheroptimizations.
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Fig. 4. Typical output display con gur ation, showing the same simulation and time step as Figure 1, where Hurricane Wilma is approaching
Florida. The top row shows (left to right) shows OMGA, the vertical velocity of the pressure grid over time; PRECIP, the total precipitation; and
PS, the surface pressure. The middle row shows three views of Q, the specic humidity, integrated vertically. The bottom row shows U, V, and
VelocityMagnitude, respectively the east-west component, north-south component, and magnitude of the near-surface wind velocity vector. The
OMGA, U, V, and VelocityMagnitude elds are 2D slices from the 3D eld that show the values one layer above the bottom layer; PRECIP and PS

are 2D elds.

The MPEGpartof thesystenpftenfell behindthesimulation.Sev-
eral of the visualizationsshaving the global view hadthe MPEG en-
coding and frame compressiommary framesbehind. No datawere
lost becausehe MPEG part of the systemis decoupledrom the ear
lier partof the pipeline: it readsframesfrom eachnodes local disk,
which hasroomfor thousandef frames.Theslow encodingdid affect
the MPEG streamingpart of the pipelinebecaus¢he MPEG streams
were not synchronized.We believe the slow encodingand compres-
sionweredueto congestioronthe le sener, chunnel

In additionto theframesandMPEGanimationsye alsosareda2D
sliceof oating-point datafrom a500 500 portion of the grid which
shaws the North Atlantic for eachof the 24 elds visualized. This
will allow morecomplex visualizationssuchasLIC, to be computed
after the simulationhascompleted.Our currentvisualizationcluster
doesnot have sufcient CPU or graphicscapabilityto computethese
visualizationsattheraterequired.

Overall, the 110-hourrun extractedandvisualizeda total of 63 TB
of datafrom thesimulation,which correspond$o asustainediatarate
of 215MB/secondwhenno I/O is beingperformed We sared2.5TB
of North Atlantic oating-point dataanda total of 5 million frames
thatwould require12 TB of storagdaf uncompressed.

11 CONCLUSION AND FUTURE WORK

We have presentec concurrenwisualizationsystenthatwasspecial-
izedfor a demandingproductionapplication,the GEOS4simulation,
thatproducechurricanetrackforecastsiuringthe 2005hurricanesea-
son. Our systemwasableto shav the simulations progresdo distant
researchergsinga moderate-speeaketwork link. We have shovn that
our implementatiordid not adwerselyaffect the simulations reliabil-

ity or runtime. The hightemporalresolutionanimationgproducedoy
our systemled to importantnew insightswith both the GEOS4and
MITgcm applications.

We are currentlyenhancingour systemby addinga variety of vi-
sualizationandfeaturedetectiontechniques.We are alsoworking to
connectbneof our renderingplatformsdirectly to the Columbiacom-
putenodesusingIn niBand. This will avoid our current100-baseT
bottleneckin the pipelineandallow full 3D elds to betransferredo
the graphicsnodeswhich will enableusingothertechniquesuchas
volume rendering. This will be importantwhenwaorking with other
expectednew applicationsvhere3D eld visualizationsareessential.
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